Objective: To compare the individual effects of dietary a-linolenic acid (ALA), eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA) on low-density lipoprotein (LDL) fatty acid composition, ex vivo LDL oxidizability and tocopherol requirement. Design, setting and subjects: A randomized strictly controlled dietary study with three dietary groups and a parallel design, consisting of two consecutive periods. Sixty-one healthy young volunteers, students at a nearby college, were included. Forty-eight subjects (13 males, 35 females) completed the study. Interventions: Subjects received a 2-week wash-in diet rich in monounsaturated fatty acids (21% energy) followed by experimental diets enriched with about 1% of energy of ALA, EPA or DHA for 3 weeks. The omega-3 (n-3) fatty acids were provided with special rapeseed oils and margarines. The wash-in diet and the experimental diets were identical, apart from the n-3 fatty acid composition and the tocopherol content, which was adjusted to the content of dienoic acid equivalents. Results: Ex vivo oxidative susceptibility of LDL was highest after the DHA diet, indicated by a decrease in lag time (À16%, Po0.001) and an increase in the maximum amount of conjugated dienes ( þ 7%, Po0.001). The EPA diet decreased the lag time (À16%, Po0.001) and the propagation rate (À12%, Po0.01). Tocopherol concentrations in LDL decreased in the ALA group (À13.5%, Po0.05) and DHA group (À7.3%, Po0.05). Plasma contents of tocopherol equivalents significantly decreased in all three experimental groups (ALA group: À5.0%, EPA group: À5.7%, DHA group: À12.8%). The content of the three n-3 polyunsaturated fatty acid differently increased in the LDL: on the ALA diet, the ALA content increased by 89% (Po0.001), on the EPA diet the EPA content increased by 809% (Po0.001) and on the DHA diet, the DHA content increased by 200% (Po0.001). In addition, the EPA content also enhanced (without dietary intake) in the ALA group ( þ 35%, Po0.01) and in the DHA group ( þ 284%, Po0.001). Conclusions: Dietary intake of ALA, EPA or DHA led to a significant enrichment of the respective fatty acid in the LDL particles, with dietary EPA preferentially incorporated. In the context of a monounsaturated fatty acid-rich diet, ALA enrichment did not enhance LDL oxidizability, whereas the effects of EPA and DHA on ex vivo LDL oxidation were inconsistent, possibly in part due to further changes in LDL fatty acid composition. Contributors: SE participated in designing and planning the study, calculated the diets, headed the investigation during the dietary period, measured the parameters of LDL oxidizability, performed the statistical analysis and wrote the paper together with UW, who also contributed to designing and planning of the study. FK measured LDL fatty acid composition, MF measured LDL tocopherol levels and KK measured plasma tocopherol levels. UW initiated the project together with VS and HFE.
Introduction
Oxidative modifications of low-density lipoprotein (LDL) particles in the arterial wall (LDL oxidation) are believed to play a crucial role in atherogenesis. The oxidation is triggered by an attack of free radicals on double bonds of unsaturated fatty acids in the LDL, leading to lipid peroxidation and degradation of the fatty acids (Steinberg et al., 1989; Witztum and Steinberg, 2001 ). The oxidized LDL particles promote a variety of atherogenic processes, such as formation of foam cells and endothelial dysfunction (Witztum and Steinberg, 2001) . It has been shown that the ex vivo susceptibility of LDL to oxidation is largely dependent on dietary factors, namely the content of antioxidants and the fatty acid composition of the diet (Reaven and Witztum, 1996) . A diet rich in monounsaturated fatty acids (MUFAs) leads to an enrichment of MUFAs in the LDL particle and thereby to a higher resistance to the oxidative processes as compared to diets rich in omega-6 (n-6) polyunsaturated fatty acids (PUFAs), especially linoleic acid (C18:2) (Reaven et al., 1993a; Kratz et al., 2002; Nielsen et al., 2002) .
Based on these results, it might be assumed that the intake of fatty acids with more than two double bonds, such as the n-3 fatty acids a-linolenic acid (C18:3; ALA), eicosapentaenoic acid (C20:5; EPA) and docosahexaenoic acid (C22:6; DHA) would lead to an even higher susceptibility to LDL oxidation than linoleic acid. However, studies addressing this question have demonstrated conflicting results. In some studies, LDL particles showed an enhanced susceptibility to oxidation after intake of EPA and DHA (Oostenbrug et al., 1994; Suzukawa et al., 1995; Turini et al., 2001) , whereas other studies revealed no such effect (Frankel et al., 1994; Bonanome et al., 1996; Wander et al., 1996; Higdon et al., 2001; Higgins et al., 2001) . These contradictory findings may be related to methodical differences in the assays used for measuring LDL oxidation. Another possible reason for the contradictory findings could be that the majority of studies conducted so far used mixtures of EPA and DHA, which differed in their total and relative content of EPA and DHA. Furthermore, there are no investigations on the effects of ALA on ex vivo LDL oxidation in comparison to EPA or DHA. Therefore, the main objective of our study was to investigate the influence of dietary intakes of ALA, EPA and DHA on LDL fatty acid composition and ex vivo oxidizability. Furthermore, we wanted to evaluate the additional tocopherol requirement resulting from the intake of these highly unsaturated fatty acids. For this purpose, we conducted a strictly controlled dietary study in healthy volunteers with conventional food diets enriched with either ALA, EPA or DHA.
Methods
Subjects Seventy-five volunteers, all students living under boarding school-like conditions, were screened for participation. They had to meet the following inclusion criteria: a body mass index of less than 28 kg/m 2 , serum total cholesterol values below 7.76 mmol/l (o300 mg/dl) and serum triglycerides below 2.26 mmol/l (o200 mg/dl). Exclusion criteria were smoking, pregnancy and lactation, alcohol abuse, history of atherosclerotic disease, renal, gastrointestinal or endocrine disturbances. Further exclusion criteria were allergy, intolerance or aversion to foodstuffs contained in the study diets. Sixty-one healthy subjects (17 males, 44 females) were selected for participation. During the study, one subject withdrew because of acute febrile illness. Ten subjects resigned because they were unwilling or unable to comply with the dietary regimen, two students were excluded from the study because of non-compliance. The baseline characteristics of the 48 subjects (13 males, 35 females, aged between 18 and 45 years) who completed the study are presented in Table 1 . Only data from these 48 participants were analyzed and included in this report. The subjects did not take any medications or nutritional supplements (i.e. vitamin E, vitamin C and carotenoids), including fish oil before or during the study. Twenty-three women took oral contraceptives. They were instructed not to stop taking them and not to change to another pill. All subjects were requested to maintain their regular lifestyles and especially their usual extent of physical activities throughout the study. The protocol and the objectives of the study were explained to the subjects in detail, and all gave their written consent. The study protocol was approved by the ethical committee of the University of Muenster and was in accordance with the Helsinki Declaration of 1975, as revised in 1983.
Design and diets
The study was conducted in a parallel design and consisted of a 2-week wash-in period followed by an experimental period of 3 weeks. During the wash-in period, all subjects received a diet rich in MUFAs. Thereafter, the subjects were randomly divided into three diet groups: One group (n ¼ 15) received a rapeseed oil diet fortified with ALA (ALA group), for the second group (n ¼ 17), the rapeseed oil diet was fortified with EPA (EPA group) and for the third group (n ¼ 16) with DHA (DHA group) (see below). The randomization was made using tables of random digits, generated by a computer, and separated for men and women. The wash-in diet and the experimental diets were identical in every aspect, apart from the n-3 fatty acid composition and the tocopherol content (see below). Venous blood samples were obtained at the beginning of the study (visit 1), at the end of the wash-in period (visit 2) and after the 3-week experimental period (visit 3).
Before the study, all participants wrote a careful 3-day dietary record (completed on 2 weekdays and 1 weekend day) of all foods and beverages consumed. This was used to estimate each subject's energy and nutrient intake. The dietary records and the study diets were calculated using the computer-based nutrient-calculation program EBISpro (E&D Partner, Stuttgart, Germany), based on the German Nutrient Data Base Bundeslebensmittelschlüssel, version II.3 (BgVV, Berlin, Germany, 1999) . The diets were calculated for 10 different energy levels, which ranged from 7.52 to 15.05 MJ/ day and had a difference of 0.84 MJ between each energy group. All participants were weighed twice weekly while wearing light clothing, and energy intake was adjusted when body weight changed more than 0.5 kg to maintain a stable body weight. During the experimental period, the mean body weight not significantly decreased by À0.1070.76 kg (mean7s.d.; range À1.0 to þ 1.3 kg; P ¼ 0.356).
The composition of the participants' habitual diet and the study diets is given in Table 2 . The study diets met the German dietary reference values for vitamins and minerals (Deutsche Gesellschaft für Ernährung (DGE) et al., 2000). They consisted of conventional mixed foods that were freshly prepared. Menus were changed daily. All meals were prepared in the kitchen located in the school in which the students were trained and housed during the week. The subjects ate breakfast and lunch in the dining room of the school on working days, under the supervision of one of the authors (SE). After breakfast, the subjects also got their food supply for the evening and between-meals. On Friday afternoons, participants were provided with hampers containing all their food for the weekend, as well as detailed written instructions for its preparation. All foodstuffs supplied were weighed for each individual to ensure an appropriate energy intake and a constant body weight. Fatty fish such as mackerel, herring and salmon as well as other sources of EPA and DHA (e.g. n-3 fatty acid enriched foods) N-3 fatty acids, LDL oxidation and composition S Egert et al were excluded from the diets. All diets contained identical basic food items that were low in fat, for example, vegetables, whole-grain products, lean meat, skimmed milk and low-fat dairy products. This provided scope for the enrichment of the meals with the study oil which was incorporated, for example, in sauces, desserts, curd and salad dressings.
As basic study oil, we used a low-linolenic rapeseed oil (3.7% ALA). For the three dietary groups, this oil was enriched either with ALA ethyl ester (ALA oil), EPA ethyl ester (EPA oil) or DHA ethyl ester (DHA oil) ( Table 3 ). The oils were produced by Unilever Health Institute (Vlaardingen, The Netherlands). Owing to the natural ALA content of our basic oil, all subjects ingested a certain amount of ALA in the experimental period, and also in the wash-in period. This guaranteed a constant basic content of ALA throughout the entire study (1% of energy). To ensure that the observed effects could indeed be attributed to the enriched n-3 fatty acids, the total fatty acid composition was kept constant. Through the enrichment of the oils, the subjects additionally ingested 1.1% of energy as ALA, EPA or DHA. The mean daily intake of ALA in the ALA group was 6.071.1 g (range 5.0-8.4 g/day), the mean daily intake of EPA in the EPA group was 2.8 g70.6 g (range 2.1-4.5 g/day) and the intake of DHA in the DHA group was 2.970.5 g (range 2.2-3.8 g/day). The ratio of n-6 to n-3 PUFA in all experimental diets was 2.8:1.
In order to prevent dietary low cholesterol-PUFA-induced fatty acid oxidation in vivo, we added natural mixed tocopherols containing RRR-a-, RRR-b-, RRR-g-and RRR-dtocopherols (Covi-ox T70) as antioxidants to the study oils. The content of vitamin E needed was calculated on the basis of the amount and type of PUFA present in the oils. For each gram PUFA, expressed as equivalents of dienoic acid, an additional enrichment of 0.6 mg a-tocopherol equivalents was calculated (Muggli, 1994) .
In addition to the study oils, the subjects received special margarines as spread. Three different margarines were produced (Unilever Health Institute). They contained 85% fat and 15% water. The total fat phase contained 85% of the respective study oil and 15% hard stock (palm oil, palm kernel fat).
To compensate for possible variances in the individual daily energy requirements, we developed special bread rolls with the same nutrient composition as the study diets. The subjects got these rolls on request and could eat them ad libitum without changing the composition of their diets. Participants were supplied with food to meet 90% of their daily energy requirements. The remaining 10% of energy intake was taken up in the form of the so-called freechoice foodstuffs that could be chosen from a given list. These foodstuffs (e.g. beverages, fruits, sweets) contained only trace amounts of fat, tocopherol or protein. Subjects were instructed to keep their free-choice items constant throughout the study. They recorded the food they had chosen and the consumption of extra rolls in diaries as well as any deviations from the diets. On the basis of these records, we determined adherence to the diet, which was found to be very high. The intake of drugs and any signs of illness were also recorded in the diaries.
Laboratory measurements Blood sampling. All venous blood samples were taken between 06:30 and 08:15 h after an overnight fast of at least 12 h under standardized conditions. Blood was drawn into tubes without additives, or containing ethylene diaminetetra acetic acid (EDTA) or lithium heparin (Sarstedt, Nümbrecht, Germany). Plasma and serum was obtained by centrifugation at 2000 g for 15 min at 101C. After aliquotation in gas-tight cryovials, plasma and serum were immediately frozen and stored at À801C. All biochemical analyses were conducted at the end of the study in a series. All samples from one subject were measured within one analytic run.
Measurement of serum lipid parameters. Fasting serum concentrations of total cholesterol and triglycerides were measured using enzymatic colorimetric assays (Röschlau et al., 1974; Siedel et al., 1993) , high-density lipoprotein (HDL) cholesterol and LDL cholesterol were directly measured by the methods of Sugiuchi et al. (1995 Sugiuchi et al. ( , 1998 . All measurements were performed in series on a Hitachi 917 auto analyzer (Roche Diagnostics, Mannheim, Germany). The methods are validated by regular analyses of reference sera supplied by the national German INSTAND proficiency testing program and the international quality assurance program of the US Centers for Disease Control and Prevention. Very low-density lipoprotein (VLDL) cholesterol was calculated according to the following formula:
VLDL cholesterol (mmol/l) ¼ total cholesterolÀ LDL cholesterolÀHDL cholesterol. N-3 fatty acids, LDL oxidation and composition S Egert et al Isolation of LDL. LDL was separated from EDTA plasma in a single run of 2 h by density-gradient ultracentrifugation using a variation of the method of Chung et al. (1986) . The plasma was adjusted with solid KBr to a density of 1.26 kg/l. Isotonic saline containing 0.1 kg/l EDTA (purged with nitrogen before use) was layered on top of the plasma in a Beckman Optiseal polyallomer ultracentrifuge tube (Beckman Coulter, Fullerton, CA, USA). The tubes were centrifuged at 60 000 r.p.m. at 101C in a Beckman ultracentrifuge by using a Beckman near vertical rotor (NVT 65 Ti-Rotor). After ultracentrifugation, the orange colored band of LDL, located in the top layer of the tube, was collected by using a syringe and a needle and filtered through a 0.22-mm sterile filter (Renner, Dannstadt-Schauernheim, Germany) into sterile vacuum containers (Mallinckrodt Radio-Pharma, Hennef, Germany). This preparation was stored in the dark at 41C. Susceptibility to oxidation was measured on the following day. LDL for analyzing the LDL fatty acid composition and LDL a-tocopherol content was stored at À801C in opaque tubes until analysis.
Measurement of LDL susceptibility to oxidation. The ex vivo oxidation of LDL was assessed using a modification of the conjugated diene (CD) assay as developed by Esterbauer et al. (1989) . Briefly, LDL was desalted by gel-filtration on an Econo-Pac 10DG column (Bio-Rad, Munich, Germany) using phosphate-buffered saline (PBS) as eluting buffer and stored on ice for 60 min until the oxidation was started. The concentration of the desalted LDL solution was assessed by measurement of cholesterol content using a commercially available assay (CHOD-PAP, Roche Diagnostics, Mannheim, Germany). The desalted LDL was diluted to 0.08 g cholesterol/l in PBS. The oxidation was started at 371C by the addition of a freshly prepared CuSO 4 solution (final concentration 1.6 mmol/l) exactly 1 h after desalting. The formation of CDs was monitored by continuous measurement of the change in absorbance at 234 nm for 200 min in a Kontron Uvikon 922 temperature-controlled spectrophotometer (Kontron, Neufahrn, Germany), resulting in a sigmoidal curve. A tangent to this curve was drawn at the point of inflexion. The lag time (min) was defined as the time from the addition of CuSO 4 until the intersection of this tangent with the baseline. The rate of propagation (nmol CD/min/mg LDL cholesterol) was calculated from the slope of the tangent, and the maximum amount of CD formation (nmol CD/mg LDL cholesterol) was determined as the height of maximum absorbance above baseline.
Measurement of total LDL fatty acid composition. The fatty acid pattern of LDL was determined by gas-liquid chromatography using the method of Lepage and Roy (1986) with the following minor modifications. C21:0 was used as an internal standard. Measurement of tocopherol equivalents in plasma. Concentrations of tocopherol equivalents in heparin plasma were determined by HPLC with UV-vis detection according to the method of Jakob and Elmadfa (1995) . Detection of a-and g-tocopherols was performed by l ¼ 295 nm. Both tocopherol isomers were quantified by external standard calibration. Tocopherol equivalents were calculated, taking into account that the bioactivity of g-tocopherol in vivo is about 25% of that of a-tocopherol (mg a-tocopherol þ mg g-tocopherol Â 0.25 ¼ mg tocopherol equivalents). The plasma tocopherol equivalent values are expressed as cholesterol standardized amounts (mg TE/mg total cholesterol).
Statistical analysis
All statistical analyses were performed using the SPSS statistical software package (version 11, SPSS Inc., Chicago, IL, USA). Serum concentrations of total cholesterol, LDL The coefficients of variation for all automated lipid measurements were below 5%, that of the measurement of LDL tocopherol was 2.8%, that of the measurement of plasma tocopherol was 4.2%, those for the measurement of lag time, rate of propagation and maximum amount of CD were 5.6, 6.0 and 6.4%, respectively, and those for the measurement of the LDL fatty acids were between 3.2 and 6.0%.
Results

Effect of the diets on serum lipid concentrations
On the wash-in diet (visit 1-2) there was a significant fall in total cholesterol (Po0.001), VLDL cholesterol (Po0.001) and LDL cholesterol (Po0.001) as well as triglycerides (Po0.001) ( Table 4 ). The three study diets (visits 2-3) did not lead to any significant changes in serum concentrations of total, VLDL, LDL and HDL cholesterol (Table 4) . Fasting concentrations of triglycerides did not change significantly after EPA or DHA diets. On the ALA diet serum triglycerides slightly increased (Po0.05).
Effect of the diets on LDL susceptibility to oxidation All three experimental diets (ALA, EPA, and DHA diet) significantly decreased the lag time. The mean reductions in the EPA (mean difference: À9.64 min (À16.4%), Po0.001) and DHA diet group (mean difference: À9.51 min (À15.9%), Po0.001) were significantly higher than in the ALA group (mean difference: À3.19 min (À5.1%), Po0.01) (Figure 1a) . The EPA diet led to a decrease in propagation rate (mean difference: À0.37 nmol CD/min/mg LDL cholesterol (À11.3%), Po0.01) (Figure 1b) , whereas the DHA diet increased the maximum amount of CDs (mean difference: þ 7.85 nmol CD/ mg LDL cholesterol ( þ 7.1%), Po0.001) (Figure 1c) .
Effect of the diets on LDL fatty acid composition
The experimental diets led to a significant enrichment of LDL with the administered fatty acids ALA, EPA or DHA N-3 fatty acids, LDL oxidation and composition S Egert et al (Table 5 ). However, the increase of ALA, EPA and DHA differed between the three diets: on the ALA diet, there was a 1.9-fold increase in the ALA content (Po0.001). On the EPA diet, the amount of EPA increased 9.1-fold (Po0.001) and the DHA diet increased the DHA content by 3.0-fold (Po0.001).
In the ALA diet, we also found an increase in the EPA content ( þ 35.4%, Po0.01), but no significant change in the DHA content. In addition, there was a small decrease in oleic acid (C18:1) (Po0.05) and arachidonic acid (C20:4) (Po0.01). The EPA diet led to an additional enrichment with ALA ( þ 19.8%, Po0.001) and with DHA ( þ 79.0%, Po0.001), whereas the DHA diet further increased the amount of ALA ( þ 20.0%, Po0.05) and EPA ( þ 284.2%, Po0.001). On the latter, the relative increase in EPA (3.8-fold) was significantly higher than the increase in DHA itself (3.0-fold). Neither on the EPA nor on the DHA diet, did we observe significant changes in the oleic, linoleic or arachidonic acid contents.
Effect of the diets on contents of a-tocopherol in LDL and contents of tocopherol equivalents in plasma During the experimental period, the LDL a-tocopherol content slightly decreased in the ALA group (À0.82. mg/mg LDL cholesterol (À13.5%), Po0.05), and DHA group (0.50 mg/mg LDL cholesterol (À7.3%), Po0.05). No significant change was observed in the EPA diet group (P ¼ 0.508) ( Table 6 ). The concentrations of tocopherol equivalents in plasma also significantly decreased and to a similar extent in all three experimental groups (ALA group: median change À5.0% (Po0.001), EPA group: À5.7% (Po0.05), DHA group: À12.8% (Po0.05)). There were no significant differences in the decreases in plasma tocopherol contents between the three experimental groups (Table 7) .
Discussion
This strictly controlled dietary study was designed to investigate the independent effects of ALA, EPA and DHA on the ex vivo susceptibility of LDL to oxidation, the fatty acid composition of LDL particles and the tocopherol concentrations in LDL and plasma. The n-3 fatty acids were provided as ethyl esters, added to naturally low-linolenic rapeseed oil. The study oils were incorporated into diets with normal foodstuffs.
The question whether dietary n-3 fatty acids render the LDL particles more prone to oxidative modification has not been conclusively answered until now. Oxidized LDL particles are thought to be more atherogenic than native particles (Steinberg et al., 1989; Witztum and Steinberg, 2001) , and, consequently, the often reported antiatherogenic action of n-3 fatty acids could be partially quenched if these fatty acids would enhance LDL oxidation. Our study shows that ALA, EPA and DHA differ in their effects on the different Figure 1 Effect of the wash-in diet and the experimental diets (ALA, EPA, DHA diet) on lag time for CDs formation (a), rate of propagation (b) and maximum amount of CDs (c) (n ¼ 48) (mean7standard error of the mean). Venous blood samples were obtained at the beginning of the study (visit 1), after the wash-in period (visit 2) and at the end of the experimental period (visit 3). þ þ þ Po0.001 visit 2 vs visit 1 (intragroup comparisons, paired Student's t-test). *Po0.05 visit 3 vs visit 2, **Po0.01 visit 3 vs visit 2, ***Po0.001 visit 3 vs visit 2 (intragroup comparisons, paired Student's t-test). The significance levels for comparison between the diets are shown on the right, if Po0.05 (ANOVA and post hoc Tukey-test).
N-3 fatty acids, LDL oxidation and composition S Egert et al LDL oxidation parameters. With the EPA diet we observed a reduction in lag time, indicating an enhanced oxidative susceptibility. This finding was confirmed by the investigations of Mesa et al. (2004) . However, in contrast to Mesa et al. (2004) , we simultaneously observed a reduced propagation rate that indicates a decreased susceptibility to oxidation. This latter finding has also been reported in other human studies after ingestion of fish oils, which contained both, EPA and DHA (Suzukawa et al., 1995; Wander et al., 1996 Wander et al., , 1998 Sørensen et al., 1998; Foulon et al., 1999; Higdon et al., 2001; Pedersen et al., 2003) . The slow propagation rate appears paradoxical and may support the hypothesis that LDL rich in highly unsaturated fatty acids is not necessarily oxidized more rapidly in biological systems than particles containing fatty acids with fewer double bonds. The mechanisms responsible for this phenomenon are not well understood, but several explanations have been postulated. Brude et al. (1997) suggest that EPA þ DHA enrichment of the LDL particle leads to a more tight packing of the lipids that might make the double bonds more resistant to free radical attack, thus reducing the propagation rate. Wander et al. (1998) speculate that primarily the concentration of linoleic acid in LDL determines the propagation rate, both before and after EPA and DHA were introduced into the LDL Venous blood samples were obtained at the beginning of the study (visit 1), after the wash-in period (visit 2) and at the end of the three-week experimental period (visit 3). b mg a-tocopherol/mg LDL cholesterol, mean7s.d.
N-3 fatty acids, LDL oxidation and composition S Egert et al particle. The influence of linoleic acid over-rode that of any other fatty acid. However, in our study, the linoleic content in LDL remained unchanged in the EPA diet as well as in the ALA and DHA diets. As a third hypothesis, it has been suggested that bicycloendoperoxides are formed in the presence of EPA and DHA and that they rapidly migrate to the surface of the LDL particle because of their higher polarity. Thus, because radicals are removed from the system, the rate of the propagation is slowed down (Higdon et al., 2001) . In our study, the EPA diet increased the LDL content of EPA, and also the contents of ALA and DHA. Therefore, we cannot conclude that the decrease in propagation rate is a specific action only of EPA. Further studies will be needed to investigate whether and how EPA influences LDL susceptibility in vitro and in vivo and, in addition, to determine the biological relevance of a reduced propagation rate and concomitant decreased lag time in atherogenesis.
The DHA diet caused a marked decrease in the lag time. This finding was in agreement with the results of Mesa et al. (2004) . However, they did not observe any changes in the amount of CDs, whereas we found a significant increase in this oxidation parameter. Both changes clearly indicate an enhanced LDL oxidizability. Especially the latter finding might be of relevance with regard to the biological activity of oxidized LDL because the CD hydroperoxides are further decomposed to highly reactive secondary oxidation products such as malondialdehyde or 4-hydroxynonenal (Esterbauer et al., 1992) . This finding may indicate a potential atherogenic property of DHA, although it must be emphasized that it is an in vitro observation, and, based on these data, an in vivo progression of atherosclerotic processes that cannot be postulated. In addition, it must again be noted that with the DHA diet we did not only find an increased DHA content in LDL, but also substantial increases in ALA and EPA. Therefore, it is difficult to determine whether DHA itself or the other n-3 fatty acids were responsible for the changes in LDL oxidation parameters. Clinical studies on this topic are highly warranted.
The three n-3 PUFA ALA, EPA and DHA were provided in the context of diets rich in MUFA. This led to LDL particles with a relatively high content of MUFA (about 21.3% of LDL fatty acids at visit 3), especially of oleic acid. It can be argued that the changes in LDL oxidizability might have been more pronounced if the MUFA content of the diets, and, subsequently, the LDL had been lower because MUFA are thought to have antioxidant properties (Reaven and Witztum, 1996) . This may also explain that we only found a minor decrease in lag time and no changes in propagation rate or maximum amount of CDs on the ALA diet. In accordance with the results of Kratz et al. (2002) , we speculate that a dietary intake of ALA of up to 2.5% of energy does not exert adverse affects with regard to LDL oxidation when provided in the context of a diet rich in MUFA. This finding is of high practical relevance and supports current dietary guidelines that recommend MUFA as main source of dietary fat, primarily provided with plant oils like rapeseed oil, which is also rich in ALA (International Task Force for Prevention of Coronary Heart Disease and International Atherosclerosis Society, 2003) .
Another important factor that must be taken into account when discussing the LDL oxidizability is the tocopherol content of diet and LDL particles. Evidence suggests that lipid-soluble antioxidants, especially a-tocopherol, which is present in relatively high concentrations in the LDL particle, are directly protective against LDL oxidation (Esterbauer et al., 1992) . Supplementation of the diet with vitamin E has been shown to increase the resistance of LDL to oxidation (Reaven et al., 1993b; Jialal et al., 1995) , and to counteract the fish oil-induced increase in LDL oxidizability (Oostenbrug et al., 1994; Wander et al., 1996) . However, these findings were observed in studies with higher vitamin E doses or combinations of vitamin E with other antioxidants (e.g. carotene and vitamin C) (Brude et al., 1997; het Hof et al., 1998; Upritchard et al., 2003) and mainly affected the lag time. In the present study, the LDL a-tocopherol contents and the concentrations of tocopherol equivalents in plasma slightly decreased during the 3-week experimental period. This may indicate that increased oxidation occurred that would result in a larger consumption of antioxidants and, simultaneously, render the LDL particles less resistant to oxidation. However, we found no significant correlations between the tocopherol contents in LDL or plasma and the LDL lag time (data not shown). The vitamin E content in the study fats was adapted to their contents in dienoic Venous blood samples were obtained at the beginning of the study (visit 1), after the wash-in period (visit 2) and at the end of the three-week experimental period (visit 3). b mg/mg total cholesterol, median (range).
N-3 fatty acids, LDL oxidation and composition S Egert et al equivalents. There is no agreement on the exact amount of vitamin E required to compensate for the increased demand caused by dietary PUFA in humans, especially for the long-chain and more unsaturated fatty acids EPA and DHA (Muggli, 1994; Valk and Hornstra, 2000) . Our results suggest that the stabilization concept we applied was appropriate. The enrichment of the diets with ALA, EPA or DHA greatly changed the n-3 fatty acid profiles in the LDL particles confirming that the ingested fatty acids are effectively incorporated. On the ALA diet, we found a significant increase in the LDL ALA content, and also an increase in LDL content of EPA. Although our study design was not a suitable model for investigating conversions of dietary fatty acids, we speculate from our results that ALA might have been converted to EPA through a series of elongation and desaturation reactions. This conversion has been shown in several metabolic studies (Pawlosky et al., 2001; Burdge et al., , 2003 Goyens et al., 2005; Hussein et al., 2005) . In agreement with the results of most human intervention trials that analyzed fatty acids in lipoproteins, plasma or blood cells, in our study a dietary ALA intake at doses of about 6 g/day or 2.5 % of energy failed to increase DHA concentrations (Kratz et al., 2002; Finnegan et al., 2003; Hussein et al., 2005; Harper et al., 2006) . Based on the studies of Burdge et al. ( , 2003 and Hussein et al. (2005) one could assume that ALA cannot be substantially converted to DHA in humans, although a few studies found a very limited conversion efficiency of dietary ALA to DHA (Emken et al., 1994; Pawlosky et al., 2001; Goyens et al., 2005) .
With the EPA diet, we found a significant increase in the EPA content of LDL particles, but also an increase in DHA content. This may suggest a conversion of EPA to DHA, as documented previously (Burdge and Calder, 2005) . Another important finding is that the EPA enrichment of the LDL particles on the EPA diet was more pronounced than the enrichment with equal amounts of DHA on the DHA diet (ninefold vs. threefold; Table 5 ). So we speculate that EPA is incorporated in the LDL particles with particular preference.
The DHA diet did not only significantly increased the DHA content of LDL particles, but also their EPA content, suggesting a retroconversion of the longer 22:6 fatty acid to its 20:5 derivative. Such a retroconversion has been documented in several supplementation studies with purified DHA Holub, 1996, 1997; Vidgren et al., 1997; Hansen et al., 1998) and in one study of DHA metabolism using [ 13 C]DHA in humans (Brossard et al., 1996) . In summary, an increased dietary intake of ALA, EPA or DHA led to a significant enrichment of the respective fatty acid in the LDL particles. In addition, dietary ALA also caused an EPA enrichment. Dietary EPA seemed to be preferentially incorporated in the LDL particles, and, simultaneously increased their DHA content. In the context of a MUFA-rich diet, we conclude that ALA enrichment did not enhance LDL oxidizability, whereas the effects of EPA and DHA on the ex vivo LDL oxidation were somewhat conflicting, possibly in part due to their complex metabolic pathways with a variety of possible conversion and retroconversion reactions. Especially with regard to the numerous cardioprotective effects of n-3 fatty acids more studies investigating them individually are needed to obtain more detailed knowledge of their specific metabolic actions as an essential prerequisite for general and special dietary recommendations.
